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ABSTRACT

The paper presents the results of retrieving characteristic particle sizes for the November 26 1991 FIRE II
case using two methods that utilize ground-based remote sensors. The size information for the complete vertical
depth of the cloud was obtained for a 3-hour period from 1830 to 2130 UTC using combined Doppler radar and
IR radiometer measurements and for two shorter periods using radar reflectivity and CO, lidar backscatter
measurements. The results obtained with both remote sensing techniques are compared for these two periods.
Possible retrieval uncertainties are discussed. Comparisons yiclded an agreement with a relative standard devi-
ation of 15%~20% between the two methods. Particle sizes retrieved by both methods were compared with 2D
particle probe data sampled during 10 time intervals when a research aircraft was crossing the hub area. The
relative standard deviation of particle sizes retrieved with the radar—radiometer method from those obtained
from 2D probes is about 30% for nine compared times. The corresponding deviation for the lidar—radar method
is about 35% for three compared times. The relative standard deviation between particle concentrations retrieved
with the radar-radiometer method and those obtained from 2D probes is about 60% for nine compared times.

1. Intreduction

Understanding the impact of cirrus clouds on the
earth’s radiation budget is very important for climate
studies. Radiative properties of these clouds depend not
only on their ice water amount but also on the char-
acteristic sizes of ice particles (Takano et al. 1992).
Ice particle sizes are responsible for the magnitude of
the cloud shortwave albedo and hence for the modu-
lation of the incoming solar radiation. The differences
in the albedos of tropical and midlatitude cirrus clouds
(the former generally have higher albedos) might be
explained in part by particle size differences (Mitchell
et al. 1994). For a given value of cloud ice water
amount, an increase in particle characteristic size pro-
duces a decrease in shortwave reflectivity and long-
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wave emissivity and an increase in shortwave trans-
mittance (Ebert and Curry 1992).

Measurements of ice particle sizes from research air-
craft are costly and most often limited to well-sup-
ported experiments. In addition, the volume of cloud
sampled as well as the amount of data actually analyzed
are usually small. This dictates a need for remote sens-
ing techniques to measure parameters of ice clouds,
which could eventually produce statistics about ice par-
ticle size occurrence under different meteorological
conditions. Several recent studies were aimed at de-
veloping algorithms to infer ice particle sizes from sat-
ellite multichannel AVHRR (Advanced Very High
Resolution Radiometer) passive measurements (Parol
et al. 1991; Ou et al. 1994; Young et al. 1994). The
retrieval in this case depends on the nonlinear relation-
ships between radiances at various wavelengths. These
nonlinear relationships vanish when characteristic par-
ticle sizes exceed a critical value. For ice particles this
critical value.is about 60 um (expressed in effective
radii) (Lin 1993).

Satellite measurements produce vertically averaged
values of particle sizes, which in case of relatively
dense clouds, are biased toward cloud tops. The ad-
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vantage of satellite measurements is the potential of
obtaining global coverage; however, they need verifi-
cation using microphysical data from aircraft in situ
observations or data acquired by ground-based instru-
ments. This study uses two techniques for estimating
cirrus cloud microphysical parameters using combined
ground-based measurements by different remote sen-
sors. The description of instruments mentioned here
and later are given in Intrieri et al. (1995). These tech-
niques have been recently developed in the NOAA En-
vironmental Technology Laboratory (ETL) and use the
ETL remote sensors. They utilize the differences in the
cirrus cloud signals as seen at different wavelengths.

An earlier version of the first technique (Matrosov
et al. 1992) uses measurements of radar reflectivity and
IR brightness temperature by a vertically pointed radar
and a narrow field-of-view IR radiometer operating in
the transparency ‘‘window’’ of 10~11.4 um. Appli-
cation of this initial version of the radar—radiometer
technique allows estimation of ice cloud particle char-
acteristic sizes, concentrations, and ice mass contents
averaged through the vertical extent of the cloud. With
the additional Doppler information providing vertical
motion inside the cloud, the particle fall velocities are
estimated, and vertical profiles of the cloud micro-
physical properties, mentioned above, are recon-
structed. The modified method for retrieval of vertical
profiles is described in detail by Matrosov et al. (1994 )
and is hereafter called RRT (radar-radiometer tech-
nique).

The RRT method is based on the difference in mech-
anisms responsible for radar backscatter and thermal
IR emission of cirrus clouds. The radar signals depend
mostly on scatterer volume for radar frequencies at the
K,-band and lower. However, the shape and density of
scatterers are also important factors determining back-
scatter. The infrared brightness temperatures are deter-
mined by the cloud optical thickness (assuming that
the temperature inside the cloud is known), which in
turn is approximately proportional to the particle geo-
metrical cross sections. K,-band radar is inherently sen-
sitive to larger particles, and radar pulses penetrate ice
clouds almost without attenuation. The current sensi-
tivity of the NOAA K,-band radar does not allow sens-
ing cirrus clouds with very small characteristic particle
sizes (less than about 20—30 um expressed in median
diameters).

The second technique used in this study (Intrieri et
al. 1993) utilizes measurements of vertical profiles of
radar and CO, lidar (A = 10.6 um) backscatter to infer
vertical profiles of cloud microphysical parameters.
The particle size information in this technique is deter-
mined from the ratio of lidar and radar backscatter. Un-
like radar signals, lidar signals are more sensitive to
smaller particles but they suffer a substantial attenua-
tion inside the ice clouds, and information about cloud
optical thickness is needed to account for this attenu-
ation. The optical thickness information is usually
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provided by the same type IR radiometer that is
used in the RRT method. This technique is hereafter
called LRRT (lidar—radar—radiometer technique ). The
LRRT method provides microphysical information
from the cloud volumes from where both lidar and ra-
dar backscatter are measurable and attenuation of lidar
signals is not complete.

During the First International Satellite Cloud Cli-
matology Project Field Experiment FIRE-II experi-
ment, NOAA'’s K,-band radar, CO, lidar, and IR radi-
ometer (modified Barnes PRT-5 narrowband radiom-
eter) were located at the hub at Coffeyville, Kansas.
One of the priority cirrus events of FIRE II was on 26
November 1991. This paper presents results for re-
motely sensed particle sizes for this event and compares
the remotely sensed data with in situ measurements per-
formed aboard the NCAR King Air aircraft.

2. Microphysical information from the radar-
radiometer technique

a. Times of data gathering and IR measurements

On 26 November 1991, from approximately 1740 to
roughly 2300 UTC, a persistent cirrus event was ob-
served above the experiment site at Coffeyville. It
should be mentioned that the lidar began seeing the
cloud from about 1650 UTC. Neither the radar nor the
IR radiometer detected the cloud until about 1740 UTC.
During the first minutes after 1800 UTC the cloud was
quite tenuous and produced a weak signal in the infra-
red. Several minutes prior to 1830 UTC the radar was
performing scans and not looking vertically. Until
about 1900 UTC the cloud was located primarily be-
tween 8 and 10 km above ground level. After 1900
UTC the cloud base descended rapidly to about 6 km
and the cloud top descended more gradually to altitudes
lower than 9 km. Figure 1 gives an illustration of the
vertical extent of the cloud from 1830 to 2130 UTC.
The gaps in this figure are due to nonvertical pointing
of the radar and low-level clouds when the radar data
were not used for the microphysical retrieval.

The minimum radar reflectivity value produced by
the cloud and used for the further quantitative analysis
was about —31 dBZ. The smaller values were not used
because of the significant uncertainties of the radar cal-
ibration at such low levels of echo power. The data
collected by the radar and IR radiometer after 1830
UTC were used for retrieval with the RRT method be-
cause after this time the measured reflectivities were
consistently higher than —33 dBZ.

According to the data from the collocated and ver-
tically pointed three channel microwave radiometer
(90.0, 31.6, and 20.6 GHz), almost no liquid water was
present inside the cloud until about 2130 UTC. Excep-
tions occurred during the period from 2000 to 2013
UTC when intervening low-level cloud patches were
present and during occasional periods lasting only a
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FiG. 1. Time—height cross section of retrieved particle size D,, during the FIRE-II cirrus event from 1830 to 2130 UTC 26 November
1991. Sizes are given for prolate-shaped particles with aspect ratio 2 in terms of median mass diameters of equal volume spheres for the
first-order gamma distribution and density-size dependence (2). Retrieval was performed with the RRT method.

few minutes. After 2130 UTC the cloud thickened, and
its base descended to altitudes below those usually as-
sociated with classic cirrus clouds. The microwave ra-
diometer then began continuously showing the pres-
ence of liquid water.

The 3-h period from 1830 to 2130 UTC corre-
sponded to a good realization of a predominantly ice
cloud, which was easily detected by all the remote sen-
sors. The maximum measured reflectivity during this
period was about 4 dBZ. The data collected during this
period were used to retrieve vertical profiles of cloud
' microphysical parameters. Time intervals with cloud
~ liquid water present were not processed.

From approximately 1900 to 2100 UTC the CO, li-
dar signals were not able to penetrate to the upper
boundary of the cloud because of the severe attenua-
tion. However, during two time periods from 1834 to
1841 UTC and from 2113 to 2121 UTC when the cloud
infrared extinction optical thickness (i.e., vertical in-
tegral of the extinction coefficient) 7, was less than
about 1.4-1.5, the lidar was performing vertical mea-
surements, and its signals penetrated the full extent of
the cloud. These two periods provided the opportunity

to compare particle sizes retrieved by both RRT and
LRRT methods in the entire cloud volume.

Calculations of the cloud extinction optical thickness
were made in 30-s intervals for the entire 3-h period
from ground-based measurements of IR brightness
temperatures of downwelling radiation. Thirty-second
intervals were dictated by the chosen IR radiometer
integration time. In earlier versions of the RRT method
(Matrosov et al. 1992, 1994) a two-stream radiative
transfer model was used to determine the cloud ab-
sorption (7,) or extinction (.) optical thickness. In
this case a multistream discrete-ordinate model (Stam-
nes et al. 1988) with a changeable number of streams
was used for this purpose. Infrared properties of non-
spherical cirrus particles were modeled using the anom-
alous diffraction approximation (Chylek and Videen
1994).

As in earlier papers (Matrosov et al. 1992, 1994),
measured brightness temperatures (T, ) were recalcu-
lated into brightness temperatures at the cloud-base
level (7,) using the expression

B(Tyw) ~ B(T,)P, + B(T*)(1 = P,) + IP,, (1)
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where T* and [ are the effective emitting atmospheric
temperature and upwelling radiation reflected by the
cloud and B and P, are the Planck function and the
atmospheric transmittance weighted by the radiometer
spectral response. Note that in Matrosov et al. [1994,
in Eq. (17)], which is similar to the above expression,
the notation B for the Planck function was inadvertently
omitted.

The parameters needed for estimation of 7, and 7,
(i.e., cloud boundaries and the temperature and humid-
ity profiles) were known from radar measurements and
radiosonde data. The atmospheric transmittance P, and
optical depth of the atmosphere 7, between the ground
and the cloud were determined experimentally from IR
brightness temperatures before the cloud developed (at
about 1645 UTC) and theoretically using the Fast At-
mospheric Signature Code (FASCODE) (Clough et al.
1988) calculations for the humidity and temperature
profiles from the radiosonde launch at 1716 UTC. Both
theoretical and experimental values for P, and 1,
agreed very well. The corresponding value of P, was
about 0.91 for the radiosonde data. The value for P,
was adjusted continuously during the course of time,
as the atmospheric water vapor amount was changing.
This amount was monitored by the ETL three-channel
microwave radiometer. Values of / were estimated ac-
cording to Platt and Dilley (1979).

It should be mentioned that estimations of cloud ab-
sorption optical thickness 7, from IR thermal measure-
ments become a subject of substantial uncertainties for
T, = 2.5 because of the saturation effects. Note also
that, for the IR window wavelengths (10—12 ym) and
particle size distributions with characteristic sizes
greater than about 40 um, 7, =~ 27,.

A comparison of the radiosonde soundings at 1716
and 2025 UTC shows that temperatures at altitudes
greater than 6 km changed very little (variations were
usually within 1°C). This allowed the consideration of
temperatures within the cloud to be mainly a function
of height and not of time during the period of interest.

b. Cirrus particle size from the radar—radiometer
method

Figure 1 shows the time—height cross section of the
cirrus particle sizes retrieved using the RRT method.
Radar reflectivity and velocity data were averaged in
30-sec intervals to match the averaging time of the IR
radiometer. One vertical profile of particle sizes is
shown for each such interval.

For 6 minutes at the end of each half-hour period the
radar performed range—height indicator scans instead
of looking vertically. These periods are shown as gaps
in Fig. 1. Also shown as gaps are periods when the
microwave and IR radiometers were indicating the
presence of liquid water inside the cloud and a few 30-
sec periods when retrieval of the cloud absorption op-
tical thickness yielded 7, = 2.5.
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The results of the retrievals shown in Fig. 1 are given
in terms of the median mass diameters of equal volume
spheres, D,, (hereafier called equivalent median di-
ameters), but were obtained assuming prolate shape
particles with aspect ratio p = 2. Such a choice was
dictated by the analysis of two-dimensional particle
probes from this cloud, taken from the King Air re-
search aircraft. This analysis showed that the cloud
contained mostly column-type particles and bullet-ro-
settes with aspect ratios of about 2. Such a particle
shape is similar to one used by Minnis et al. (1993) for
the midsize particle model.

When treating backscattering, the RRT retrieval
scheme assumes spheroidal rather than hexagonal
shape. This assumption is justified for radar applica-
tions because of recent findings (Dungey and Bohren
1993; Schneider and Stephens 1994 ) that show, for par-
ticles that are small compared to the wavelength, over-
all shape is important. However, slight differences in
shape (like those of hexagonal particles, cylinders, and
spheroids with the same aspect ratio) do not result in
significant backscatter differences. In the infrared
transparency window, where cirrus particles are opti-
cally ““soft’’ and large compared to the wavelength, the
anomalous diffraction theory is generally valid for ex-
tinction calculations. For the radar reflectivity calcu-
lations the spheroidal Rayleigh approach was used be-
cause it gives acceptable results even for the biggest
cirrus particles of about 1.5 mm (Atlas et al. 1953;
Matrosov 1993).

Direct microphysical studies show that the bulk den-
sity of cirrus particles decreases with an increase of
their dimensions L as inferred from 2D particle images.
Illingworth (1994) suggests that decrease to be pro-
portional to L~"'. The effective bulk density for a 1-
mm cirrus particle could be as low as about 0.05-0.1
g cm™°, if the dimension L is taken as its spherical di-
ameter (Heymsfield 1975). Summarizing this, the fol-
lowing empirical relationship is suggested for the cirrus
particle bulk density p (in g cm™) as a function of
particle 2D size, L, or equal volume sphere diameter,
D, (in mm):

0.073(L/D)* 0.073r}°
= L = Dt

(2)

where the coefficient r, is the ratio of the particle 2D
image size to its equal volume spherical diameter (r,
= L/D). The derivation of this coefficient for non-
spherical particles is given in the appendix. The em-
pirical equation for density (2) was used when per-
forming the retrieval with the RRT method. For small
particle sizes when (2) produces values greater than
0.916 g cm™, the solid ice density was assumed (p,
=0916 gcm™).

The retrieval was also made assuming that particle
size spectra, in terms of the equal sphere diameters, are
described by the gamma function of the first order:
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N(D) = NyD" exp{ —(3.67 + n)D/D,}, (3)
where D, is the median volume diameter and n = 1.

This function was shown to be appropriate (Kosarev
and Mazin 1989) for describing experimentally mea-
sured cirrus particle size distributions. Two-dimen-
sional probe measurements obtained from the aircraft
in the cloud also showed that particle size distributions
usually had exponential tails, which is consistent with
the behavior of gamma functions at high values of ar-
gument.

For constant particle density the median volume
diameter D, coincides with the median mass diameter
D,,. For the density decrease with the increasing par-
ticle size, D,, < D,. Two-dimensional particle size
information is usually given in terms of median mass
sizes, so for the convenience of comparisons of re-
trieved and in situ sizes the output of the RRT meth-
od was also given in terms of D,,. Figure 2 shows the
ratio D,,/D, as a function of D, for the zero and
first order gamma size distribution and several
particle shapes. One can see that for the small par-
ticle sizes the difference between D,, and D, is neg-
ligible.

One of the input parameters in the RRT method is
the exponent B in the particle size—fall speed (v;) re-
lationship. For an individual particle,
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where D is the diameter of the equal volume sphere.
The coefficient A is regarded as an unknown in this
method because of its relatively high variability for nat-
ural ice crystals (Pruppacher and Klett 1978). Here A
is determined for each 30-sec retrieval interval by
matching the calculated value of cloud optical thick-
ness with the value of 7, determined from the IR bright-
ness temperature measurements. The calculated value
of 7, is obtained from retrieved values of particle sizes
and concentrations during an iterative procedure (Ma-
trosov et al. 1994).

The values of the exponent B vary from about 0.7 to
1.4 for different natural ice crystals including snowflakes
(Pruppacher and Klett 1978). In the tentative retrievals
of cirrus particle parameters using the RRT method (Ma-
trosov et al. 1994) it was assumed for simplicity that B
= 1. Magono and Lee diagrams (1966) suggest, how-
ever, that ice crystals usually found at cirrus cloud tem-
peratures of less than —20°C usually have values of B
greater than 1 and values of B < 1 are, usually, typical
for low-altitude planar snowflakes. The value of 1.1 was
assumed when making the retrievals shown in Fig. 1.

The current version of the RRT method averages
measured vertical Doppler velocities over long time pe-
riods (several hours) to cancel out most of the vertical
air motion. This averaging is performed for small re-
flectivity intervals and as a function of height within a
cloud. As a result, the fall velocity—reflectivity rela-

v = AD?, (4) tionships are obtained for different radar range gates.
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These relationships are then used to estimate of vertical
profiles of particle fall velocities in each 30-sec inter-
val. Such averaging was performed for the entire in-
terval of observations from 1830 to 2130 UTC.

Figure 3 shows the averaged vertical motion mea-
sured by a 404-MHz wind profiler for the same time
period. One can see an obvious downward motion at
cloud altitudes caused by descending cirrus particles.
Examining altitudes below and above the cloud reveals,
however, an average upward air motion of about 5—-10
cm s~'. The sensitivity of the retrieved results to the
fall velocity bias is given in the next section.

One can see from Fig. 1 that equivalent median mass
diameters D,, varied inside the cloud from about 35 ym
to about 450 pym. The maximum sizes were observed
near the cloud lower boundary. Particle sizes were gen-
erally increasing with time in the period from 1830 to
2130 UTC.

Figure 4 shows the scatterplot of radar reflectivities
versus equivalent median diameters of particles. Re-
flectivity generally increases with an increase of char-
acteristic particle sizes. The corresponding power law
regression fit is

D, = 334227, (5

where D,, is expressed in um and Z, in mm®/m?,

Possible variations in particle equivalent median di-
ameters at reflectivity values of —38, —20, —10, and O
dBZ are approximately 35-200, 75-280, 125-330,
and 200-450 pm, respectively. The scatter in particle
sizes diminishes as reflectivity increases. This signifi-
cant scatter shows that there is no unique correspon-
dence between particle sizes and reflectivity because Z,
depends not only on characteristic size of the particles
but also on their concentrations.

The coefficients in the regression equation (5) were
found for the dataset of 26 November 1991 and gen-
erally are not applicable to other datasets. These coef-
ficients depend on meteorological conditions and
would change from one observational situation to an-
other. Because of these limitations of radar reflectivity
data only, additional measurements are generally
needed to get more accurate estimates of particle sizes.
The RRT method uses estimates of particle fall veloc-
ities and cloud optical thickness for this purpose.

c. Variation in particle sizes retrieved by the RRT
method due to uncertainty in input parameters

The particle size information presented above was
obtained using the RRT method with basic set of a
priori assumptions: the first-order (n = 1) size distri-
bution of prolate particles with aspect ratio p = 2 and
the bulk density—size relationship (2). The exponent
B in the fall velocity—size relationship (4) was as-
sumed to be 1.1.

Using different values of n, p, B, and a different
density—size relationship as input information would
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FiG. 3. Vertical profile of averaged vertical motion during the pe-
riod 1830~2130 UTC obtained with 404-MHz wind profiler. Down-
ward velocities are positive.

alter the retrieved results. This also would change co-
efficients A, and B, in the regression relationship (4)
[A; = 334 and B, = 0.23 in (5)]. To estimate the
sensitivity of the retrieved particle characteristic sizes
D,, to the a priori assumptions, a retrieval was per-
formed with different a priori information. To assess
this sensitivity quantitatively, the mean relative devia-
tion (d, ), relative standard deviation (d;), and the stan-
dard deviation (s) of two datasets (x; and y; ) were cal-
culated:

17 2(y; — x:)
dI_NE 5ty (6)
1 YAy, —x)?
di==3 3, (7
g N[:] (xi +)’,)2
1 N
52:&2()’:‘ _x1)29 (8)

where N is the number of samples (about 14 000) for
the considered time period. Note that d, reflects the
general bias of one dataset relative to the other.

In Egs. (6)—(8) x; is the set of particle sizes, D,,,
retrieved with the basic set of a priori assumptions men-
tioned above; y; is the set of D, retrieved when one of
the assumptions is changed. Changing the assumed par-
ticle size distribution from the first (n = 1) to the zero
(n = 0) order gamma function will resultin d, ~ —2%,
d, = 2.5%, and s =~ 5 pm. The coefficient A, in the
best fit regression (4) will change just slightly (to 321
from 334), while the coefficient B, will change negli-
gibly. Changes in the exponent B in the fall speed—size
relationship (3) from 1.1 to 1.2 will cause d, =~ 2%, d,
~ 3%, s ~ 4 um, Ay =~ 327, and B, ~ 0.22.
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FiG. 4. Scatter blot of equivalent median mass diameter D,, (data were retrieved with the
RRT method for 1830-2130 UTC November 26 1991) vs measured radar reflectivity for the
same assumptions as in Fig. 1. Retrieval was performed with the RRT method.

To assess the sensitivity of the retrieved results to
the cirrus particle density—size relationship, the value
of the proportionality coefficient in (2) was changed
by about 35% from 0.073 to 0.1. Such a change will
yield d, = —11%, d, =~ 20%, s ~ 35 pum, Ay =~ 292,
and B, =~ 0.23.

If the particle density were constant, changes in the
assumed particle shape from p = 2 to p = 1 (spheres)
would result in only about a 4% change in the retrieved
values of D,,. When density is size dependent, dimin-
ishing of density is different for particles with different
shapes. This difference will be mostly due to changes
in the coefficient r; in (2), which depends on particle
shapes (see the appendix ). Such dependence will result
in about a 20% increase in particle sizes when p
changes from 2 to 1.

Some uncertainty still exists as to how well the mean
air motion is removed when estimating particle fall
speeds. As was mentioned before, a mean upward air
motion of 5-10 cm s ' was detected by the 404-MHz
wind profiler during the period of observations (Fig.
3). In order to assess the sensitivity to the mean air
motion, a retrieval was also performed with an increase
of all particle fall speeds by 7 cm s~'. Comparisons of
the results in this case with those retrieved with undis-
turbed fall speeds yielded d; =~ 4%, d; =~ 9%, and s
~ 11 um. The coefficients in the regression reflectiv-
ity —size relationship (5) for the case with the increase
in fall speed are 310 (Ao) and 0.2 (By).

Such relatively small values of relative (d, and d,)
and absolute (s) deviations in this case are quite re-
markable because they show that, for retrieval, the
overall shape of the particle fall speed profile is more
important than absolute values of fall speeds. It can be
explained by the fact that the coefficient A in (4) is
regarded as an a priori unknown and is found using real
measurements of cloud optical thickness.

Finally, measurement error sensitivity analysis
showed that uncertainty in measured values of Z, of 1
dB would result in about 9% variations in retrieved
particle sizes. A 10% uncertainty in the estimated value
of cloud optical thickness would result in about 4%
variations in D,,.

3. Comparison of particle sizes obtained with RRT
and LRRT methods

As mentioned earlier, the comparisons of cirrus par-
ticle sizes retrieved with the RRT and LRRT methods
for the entire depth of the cloud were available for only
two periods from 1834 to 1841 UTC and from 2113 to
2122 UTC. This was due to a combination of factors
including severe attenuation of lidar signals from ap-
proximately 1900 to 2100 UTC and performing (either
by the lidar or by the radar) scans rather than looking
vertically.

For the sake of comparison, LRRT-derived profiles
of particle sizes were averaged in 30-sec intervals to
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match the averaging time used by the RRT method. The
particle sizes retrieved with the RRT method were also
averaged over two consecutive radar range gates (37.5
m) to match the vertical resolution of the LRRT method
dictated by the lidar vertical resolution (75 m).

The current version of the LRRT method treats cirrus
particles as spheres with bulk density of 0.916 g cm™*.
To make the comparisons of this section meaningful,
the RRT method was also run with the same assump-
tions. Note that for the case of constant density median
volume diameters and median mass diameters are iden-
tical. It was also assumed in both methods that the par-
ticle size distribution is described by the gamma func-
tion of the first order.

It should be mentioned, however, that this set of as-
sumptions in the RRT method produces values of D,
approximately 3% and 35% smaller (for the first and
the second periods of comparison, respectively) than
the basic set of assumptions for which the retrieval
shown in Figs. 1 and 4 was made. The first comparison
period produced smaller differences between basic and
solid ice spheres assumptions than the second period
because particle sizes were smaller during the first pe-
riod (see Fig. 1) and, according to the relationship (2),
their density was close to that of solid ice.

Figures 5 and 6 show the height—time cross sections
of deviations of particle equivalent median diameter,
D,,, values retrieved with the LRRT method from the
values retrieved with the RRT method for the two pe-
riods of comparisons. These deviations were calculated
using the expression under the summation sign in (6)

Height (km)

1834
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for d,. It can be seen that during the first period from
1834 to 1841 UTC the results of both methods agree
quite well. For most of the volume inside the cloud
deviations did not exceed £15%. The relative and ab-
solute standard deviations calculated using (7) and (8)
yielded d, =~ 15% and s =~ 15 pm.

The comparison period from 2113 to 2122 UTC
showed somewhat greater absolute deviations between
the values of D,, obtained with the RRT and LRRT
methods. Estimations of deviations produced d, =~ 20%
and s =~ 28 um.

For illustration, Figs. 7 and 8 show three individual
vertical profiles of equivalent median diameters D,, re-
trieved with the RRT and LRRT methods for two 30-
sec periods from both periods of comparison. Figure 7
depicts the profiles for the time period 1837:30-1838
UTC, and Fig. 8 the period 2118:30-2119 UTC. The
estimated cloud extinction infrared optical thickness
was about 1.3 during these second periods.

For the purpose of comparison two profiles of D,, are
shown for the LRRT method. Curve 3 in Figs. 7 and 8
shows the results with accounting for attenuation of the
lidar signals, which is the normal procedure. Curve 2
in these figures shows the results of the retrieval when
this attenuation is neglected, illustrating the importance
of the accounting for the attenuation. One can see that
the RRT and LRRT methods agree much better in the
upper part of the cloud when the attenuation is ac-
counted for in the LRRT method. This accounting is
especially important for clouds with substantial values
of extinction optical thickness 7.

1838 1840

Time (UTC)

FiG. 5. Time—height cross sections of the deviation of median particle diameter D,, retrieved
with the LRRT method from those retrieved with RRT method for 1834—1841 UTC November

26 1991. Deviations are given in percent.
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2118 2120

Time (UTC)

Fic. 6. As in Fig. 5 but for 2113-2122 UTC November 26 1991.

Summarizing the comparisons of the RRT and
LRRT methods, we can state that they produce rather
close results in terms of D,, and generally follow each
other in the shape of the vertical profiles of particle
sizes. Particle sizes generally increase toward cloud
base.
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FiG. 7. Vertical profiles of particie equivalent median diameter D,,
for the period 1837:30-1838 UTC retrieved with the RRT method
(line 1), with the LRRT method without accounting for the attenua-
tion of lidar signals (line 2), and with accounting for this attenuation
(line 3).

4. Comparison of particles sizes retrieved from the
ground-based and aircraft in situ measurements

The NCAR King Air research aircraft was flying a
cirrus mission during the 3-hour period (1830-2130
UTC) being considered. The aircraft was equipped
with two Particle Measuring Systems 2D probes to de-
tect ice particles. The 2D-C probe sized particles from
25 pm to 1 mm in 25-pym increments. Particles smaller
-than 25 pm were partially accounted for in the smallest
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FiG. 8. As in Fig. 7 but for 2118:30-2119 UTC.
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size bin. The 2D-P probe sampled particles from about
100 ym to 2 mm in 100-pm increments. The particle
habits and size spectra were derived from composite
2D-C and 2D-P data. For each of the size spectra the
particle concentration, ice mass content, radar reflectiv-
ity, and median particle size were derived as discussed
by Heymsfield et al. (1990). Samples were taken at
5-s intervals.

Figure 9 shows a scatter plot of particle size versus
radar reflectivity. Both parameters here were derived
from the 2D probes. For the purpose of comparison the
scale in Fig. 9 is the same as in Fig. 4 where retrieved
particle sizes (with the RRT method) and measured
radar reflectivities are shown. Note that in Fig. 9, as in
Fig. 4, particle sizes are given in terms of median mass
diameters of equal volume spheres, D,,, and were ob-
tained by dividing major particle projection L, mea-
sured in 2D probes, by the coefficient r, . The derivation
of the coefficient r, is given in the appendix. The best
fit power law regression line for the aircraft data is

D, = 330Z 2", 9

It compares favorably with the regression fit from re-
trieved sizes and measured radar reflectivities (4).
Comparing Figs. 4 and 9, one can see that the aircraft
data produce somewhat greater scatter with respect to
the best fit line. In part, this can be explained by the
fact that the aircraft and the ground-based instruments
sampled different cloud volumes. Figure 10a shows the
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aircraft track during 3 hours of the comparison period.
One can see that from 1830 until about 1930 UTC the
aircraft was sampling clouds more than 100 km to the
northwest from the hub at Coffeyville where the
ground-based instruments were located. After 1930
UTC the aircraft returned to the vicinity of the hub.

Of direct interest are comparisons when the aircraft
was sampling the cloud at the same (or nearly the
same ) volume as the ground-based sensors. Figure 10b
shows the aircraft tracks when it was approximately
above the hub. Also shown is the circle with a 3-km
radius centered at the hub.

The aircraft made 15 passes through this circle. Four
passes occurred during the 2000-2013 UTC time pe-
riod when no remotely sensed data were collected be-
cause the cloud was obscured by the low-level liquid
cloud patches. One pass happened to be when the radar
was performing occasional RHI scans rather than look-
ing vertically. Also, during one pass no microphysical
samples were taken aboard the aircraft. This leaves nine
passes for comparisons when both in situ (aircraft sam-
pled) and remotely sensed data (from the RRT
method) were available.

Decreasing the radius of the circle to less than 3
km would greatly reduce the number of potential
points for comparison. Increasing this radius would
lead to the possibility of comparing completely dif-
ferent cloud volumes. The times at which the chosen -
nine passes occurred were 1940, 1950, 2020, 2030,
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FiG. 9. Scatter plot of equivalent median diameter D,, vs radar reflectivity
(aircraft data) for 1830-2130 UTC November 26 1991.
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King Air flight track on 26-NOV-91 (1830-2125 UTC)
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FiG. 10. (a) King Air flight tracks during the period from
1830 to 2130 UTC November 26 1991, hub location is (0, 0).
(b) King Air flight tracks (dashed lines) above the hub. The
solid line represents a circle with a 3-km radius with a center
at the hub.
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FiG. 11. Comparison of radar reflectivity (Z.) values measured by the radar with that calculated
from in situ 2D probes during the times of aircraft passes approximately above the hub.

2037, 2048, 2100, 2105, and 2114 UTC, respec-
tively. Average altitudes of these passes were 8.54,
8.54,7.62,7.15,7.10, 6.16, 6.25, 7.37, and 6.10 km,
respectively. These nine passes provided nine points
for comparison of the particle sizes retrieved from
RRT method and those measured onboard the air-

300

craft. Note that crossing of the 3-km radius circle still
does not guarantee that the aircraft and remote mea-
surements were made in the same cloud volume. The
hope is, however, that the aircraft and the ground-
based instruments were sampling nearly the same
cloud volumes.
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FiG. 12. Comparison of particle equivalent median diameter (D,,) retrieved by the radar—radi-
ometer technique (RRT), lidar—radar-radiometer technique (LRRT), and calculated from in situ
2D probes during the times of aircraft passes nearly above the hub.
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FiG. 13. Comparison of particle concentrations, C, retrieved by the radar—radiometer technique
(RRT) with that calculated from in situ 2D probes during the times of aircraft passes approximately

above the hub.

Except for one aircraft pass (2114 UTC), CO, lidar
signals were completely attenuated inside the cloud
during the times of comparison. However, at 1950 and
2020 UTC lidar signals penetrated only to about 2 km
above the cloud bottom. During these times (1950 and
2020 UTC), the aircraft sampled the lower part of the
cloud where lidar signals had not yet been completely
attenuated and microphysical information from the
LRRT method was available after accounting for the
attenuation. Thus, three points were available for com-
parison of results cbtained with LRRT method and in
situ data.

* Visual analysis of particle habits from 2D images
showed that column type and bullet-rosettes were the
dominant shapes in the particle samples. The aspect
ratios of complex sampled particles were about 2. As
mentioned earlier, this analysis was the primary reason
for assuming prolate-shaped particles with aspect ratio
p:= 2 when performing the retrieval of microphysical
parameters using the RRT method.

Figure 11 shows a comparison of radar reflectivity
values, Z,, measured by the radar with values calcu-
lated from the 2D probes. One can see that differences
between measured and calculated reflectivities did not
exceed 5 dB (except for 2114 UTC). When making
comparisons at specific times, all aircraft data samples
along the track for each pass of the 3-km radius circle
wete averaged.

Figure 12 shows a comparison of cloud particle sizes
retrieved by the RRT and LRRT methods with those
estimated from the microphysical sampling aboard the

aircraft. The comparison is given in terms of equivalent
median diameter (i.e., median mass diameter of the
equal-volume sphere) D,,, assuming prolate-shape par-
ticles with the aspect ratio p = 2, in the case of the RRT
method data. For the aircraft data 2D size values were
converted to D, values using Eq. (A7) from the ap-
pendix. For the LRRT data particle size in Fig. 12 is
given in actual diameter because, as mentioned earlier,
the current version of the LRRT method assumes a
spherical particle shape.

The relative deviations of D,,, estimated using the
aircraft sampling, from those obtained with the remote
sensing methods were calculated using Egs. (5) and
(6). The calculation yielded d; ~ 7% and d, ~ 30%
for the RRT method when the summation was done for
all nine comparisons. In the case of the LRRT method
the corresponding deviations, calculated only for three
points of comparison, yielded d, =~ 4% and d, ~ 35%,
respectively. One can see that the general agreement
between sizes retrieved from ground-based measure-
ments and those calculated from the 2D probes is quite
good, given the uncertainties of the different ap-
proaches.

The particle size information derived from the re-
mote measurements and measured radar reflectivity
values can also be used to estimate particle concentra-
tions. Figure 13 compares retrieved values of concen-
tration, C, retrieved with the RRT method with those
calculated from King Air 2D probes for the times when
aircraft samples were taken approximately above
the hub.
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Calculations of relative deviations of 2D probe con-
centrations from those retrieved with the RRT method
Cyielded d, = 15% and d, ~ 60%. The general agree-
ment shown in Fig. 13 could be considered satisfactory
given the high variability of particle concentration in
cirrus clouds. Note that, compared to particle sizes, re-
trieved values of particle concentrations are much more
sensitive to the assumption about the shape of size dis-
tribution.

5. Conclusions

The FIRE II data of November 26 1991 provided a
good opportunity to test different remote sensing meth-
ods and to compare cirrus cloud microphysical param-
eters retrieved by these methods with in situ data ob-
tained from 2D particle probes aboard the aircraft. The
retrieval performed with the radar—radiometer tech-
nique (RRT) (Matrosov et al. 1994) for the 3-hour
period from 1830 to 2130 UTC, assuming prolate-
shaped particles, showed a general gradual increase of
characteristic particle sizes as the cloud developed/ad-
vected during the time of observation. Particle sizes
were generally increasing toward the cloud base.

The sensitivity analysis of particle size retrieval by
the RRT method showed that the particle bulk density—
size relationship is the most important a priori assump-
tion. The increase in the proportionality coefficient in
this relationship (2) by 35% causes about 14% varia-
tion in retrieved particle sizes.

Variation in the assumed particle size distribution
from the first-order Gamma function to the zero-order
gamma function results in changes of the retrieved
equivalent median diameter D,, of only a few percent.
Changes in the assumed particle shapes from p = 2 to

spheres (assuming constant bulk density) cause only a -

few percent variation in D,,. Such small size changes
due to the assumed shape can be explained by the fact
that accounting for nonsphericity in the extinction (IR)
and reflectivity (radar) parts of the inverse problem
(Matrosov et al. 1994) produces errors of opposite
sign. These errors partially cancel out when retrieving
values of D,,. However, the RRT retrieval scheme sug-
gests changes in particle bulk density through the
changes in shape [see (2)]. This results in about
a 20% change in retrieved D,, due to variation of p
from 2 to 1.

An inadequate removal of mean air motion of order
7 cm s~ when estimating particle fall velocities can
result in errors in the retrieved size of about 9%. This
constant height-independent shift in estimated particle
fall velocities representing a possible updraft does not
change retrieved sizes significantly, because real mea-
surements of cloud optical thickness are used to nor-
malize fall velocity—size relationships.

Comparisons of the particle sizes retrieved by the
radar—radiometer technique (RRT) and the lidar—ra-
dar—radiometer technique (LRRT) (Intrieri et al.
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1993) were available for only two periods, either be-
cause of the attenuation of lidar signals in the upper
parts of the cloud or sensors performing scanning
modes. The relative standard deviation (d,) of particle
sizes D,, obtained with these two remote sensing ap-
proaches, under identical assumptions about particle
shape and density (solid ice spheres), were about
15%-20%.

The relative standard deviation of particle size re-
trieved with both the RRT and LRRT methods, from
those measured using 2D particle probes aboard the
King Air aircraft during the passes above the hub, was
about 30%—35%. The comparisons were made during
nine aircraft passes above the hub in the case of the
RRT method and during three such passes in the case
of the LRRT method.

For the nine aircraft passes, comparison of particle
concentrations obtained with the RRT method with
those from the aircraft 2D probes yielded about 60%
for the relative standard deviation of in situ results from
the retrieved data.
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APPENDIX

Relationship Between 2D Particle Size and Diameter
of Equal-Volume Spheres

In this section we suggest a relationship between ex-
perimentally measured and theoretically modeled par-
ticle sizes. The experimental particle size from aircraft
probes L is the projection of this particle either along
(L) or perpendicular (L, ) to the axis of the 2D probe,
which ever is larger:

L=max(L||, L.L) (Al)

Let the axis of the 2D probe be the OY axis and the
perpendicular axis be the OZ axis of the Cartesian co-
ordinate system. A blocky spheroidal particle with di-
mensions L, and L, (L, and L, are measured along the
particle symmetry axis and perpendicular to it, respec-
tively) is assumed to be randomly oriented with respect
to this system. Using a simple geometrical approach,
one can get approximations for the particle projections
L|| and L 10

L} = (L3 cos®y + L2 sin%p) sin’a + L} cosa, (A2)
L} = (L3 cos®y + L} sin%y) cos’a + L2 sin’e, (A3)
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where ¢ and « are the angles between the particle sym-
metry axis and the negative direction of the OX axis,
and between the projection of the particle symmetry
axis on the Z OY plane and the OZ axis. Angles ¢ and
a can be expressed in terms of the polar coordinate
angles 6 and ¢ of the particle symmetry axis (Holt
1984):

cosa-simy = cosd (A4)
sina - sinyy = sinfd - sing (AS)
cosy = —sinf-cosg. (A6)

The coefficient r, is defined as the ratio of the 2D
particle size L to the diameter of the equal volume

sphere D:
rL=L/D. (A7)

Relations between D and L, and L, for prolate and ob-
late spheroids are given by

L, = Db™2" (A8)
L,=Db' (A9)
L, = Db’ (A10)
L,=Db ', (All)

where Eqgs. (A8) and (A9) are for prolate spheroids
and (A10) and (A11) are for oblate spheroids and b is
the particle minor to major ratio (b = 1/p).

The mean ratio r; can be calculated from the integral

1 2r

47I'D 0

rp=

fﬂ max (L, L,) sinfdédé. (A12)
0
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